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Abstract
Mental imagery is often considered to be an attentional state. We investigated whether imagining a stimulus in motion involves a
corresponding movement of attention. Subjects Wxating a central target extrapolated in imagery the motion of a spot that moved along a
circular trajectory and then vanished. During imagery, a Xash was presented with various backward and forward displacements relative
to the direction of the imagined spot. Subjects had to make a saccade to the Xash. Saccades were delayed by as much as 50 ms when the
Xash appeared displaced from the imagined spot, compared to when the Xash was presented in its proximity. A similar delay in latency
was obtained when subjects responded with a button press. In an “Observation” condition, in which the spot did not disappear, saccade
latencies were similarly delayed, although mainly for backward Xash displacements. These Wndings suggest that motion imagery is associ-
ated with a movement of visuospatial attention.
© 2006 Elsevier Ltd. All rights reserved.
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Visual imagery is a basic form of cognition that is cen-
tral to several mental activities, from recalling the position
of the furniture in our apartment to Wguring out the struc-
ture of a new molecule. In the past thirty years, research in
experimental psychology has elucidated to a considerable
degree of detail the inner working of visual imagery (Bar-
tolomeo, 2002; Finke, 1989; Kosslyn, 1994; Shepard &
Cooper, 1986). A main conclusion is that visual imagery
shares many aspects, though not all, with visual perception,
in terms of both neuronal structures and functional isomor-
phism. Donald Hebb (1968) speculated that inspecting a
mental image should give rise to scanning eye movements
as when inspecting the corresponding physical image. This
hypothesis has been conWrmed by Brandt and Stark (1997),
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doi:10.1016/j.visres.2005.12.019who recorded similar sequences of saccades when subjects
observed a checkered diagram and when they subsequently
recalled it in imagery. Laeng and Teodorescu (2002) also
showed that preventing eye movements in a visuospatial
task interfered with the performance, thus suggesting that
eye movements can play a causal role in imagery (see, how-
ever, Huber & Krist, 2004).
As the world is not static, it is not surprising that we can
imagine also dynamic events such as our own movements
or the movement of an external object. Pioneering work by
Roger Shepard and colleagues provided compelling evi-
dence that mentally rotating an image involves a gradual
process, not unlike a physical rotation (for review see Shep-
ard & Cooper, 1986). In a prototypical experiment, subjects
decide about the sameness of two stimulus patterns pre-
sented at diVerent orientations. Response times are propor-
tional to the orientation disparity between the two patterns,
as if the two images are mentally rotated and aligned before
the discrimination is performed. If a test pattern is pre-
sented at an intermediate orientation at the time the inner
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times become independent of its absolute orientation, as if
an internal process had already rotated the stimulus pattern
until that orientation (Cooper, 1976). Single-unit record-
ings from the primary motor cortex of the monkey dis-
closed a neuronal correlate of mental rotation in the form
of a gradual re-orientation of the neural population vector,
which codes for the intended movement direction, in the
brief time lapse between stimulus presentation and a subse-
quent arm movement made in a diVerent direction (Geor-
gopoulos, Lurito, Petrides, Schwartz, & Massey, 1989).
More recently, a quantitative description of mental rota-
tion has been obtained through eye movement recordings
(de’Sperati, 1999, 2003a; Fischer, Deubel, Wohlschläger, &
Schneider, 1999). In particular, its has been shown that
spontaneous sequences of saccades can mimic in space and
time the evolution of visuospatial mental rotation, thus
allowing to reconstruct the precise kinematics of this men-
tal activity (de’Sperati, 2003b). Similarly, instructed motion
imagery was shown to have a behavioral correlate in
orderly sequences of saccades, faithfully reproducing the
imagined motion (de’Sperati, 2003b).
Both visual imagery and saccadic eye movements have
been related to visuospatial attention, i.e., a mechanism that
facilitates visual information processing in some regions of
space at the expense of other regions (see Umiltà, 2000).
Typically, allocating visuospatial attention determines the
decrease of response times to visual stimuli displayed
within the focus of attention (Posner, 1980). Imagery has
often been regarded to be an attentional state. For example,
imagining an object facilitates the detection of a visual
stimulus when it is presented inside the visual Weld in which
the object is mentally visualized (Farah, 1989). The facilita-
tion can be rather speciWc, as it is constrained by the shape
of the imagined object (Heil, Rosler, & Hennighausen,
1993). Also, attention can be used to selectively enhance
both visual and mental images (Podgorny & Shepard,
1983). Scanning a mental image is another example of the
close link between imagery and visuospatial attention
(Kosslyn, 1994).
As for saccades, a strict, almost obligatory coupling with
visuospatial attention has been repeatedly demonstrated.
When the direction of visuospatial attention and the direc-
tion of saccades are manipulated separately, stimulus detec-
tion capabilities are higher in the region of space where the
saccades are directed, indicating that programming a sac-
cade requires the allocation of attentional resources (Chel-
azzi et al., 1995; Deubel & Schneider, 1996; Sheliga, Riggio,
& Rizzolatti, 1994; Shepherd, Findlay, & Hockey, 1986).
Remarkably, in making sequences of saccades, attention
tags the target of each upcoming saccade (Gersch, Kowler,
& Dosher, 2004), thus suggesting that the oculomotor
behavior during visual inspection can be a reliable predic-
tor of attention shifts.
Whereas saccades are always coupled with a shift of vis-
uospatial attention, shifts of visuospatial attention can also
occur covertly, i.e., without a concomitant eye movement,even though it is not clear whether attention shifts in an all-
or-none fashion or through a gradual movement from one
location to another (Shulman, Remington, & McLean,
1979; Sperling & Weichselgartner, 1995; Tsal, 1983). Thus,
given that motion imagery gives rise to sequences of sac-
cades, and that sequences of saccades are associated to cor-
responding shifts of attention, the question arises as to
whether in the absence of eye movements, motion imagery
entails a covert movement of attention. This would imply
that visual processing is modulated according to the spatio-
temporal evolution of an imagined movement. Here, we
tested this hypothesis by asking whether responding to a
visual probe Xashed during mental extrapolation of motion
with the eyes in central Wxation is facilitated when the
probe is presented in the spatial location at which the stim-
ulus is currently being imagined, compared to when the
probe is presented in other locations.
2. Methods
2.1. Subjects
Nine subjects participated to the experiment (age: 22–37). They had
normal or corrected-to-normal vision and were naïve as to the purpose of
the study. Informed consent was obtained before the beginning of the
experiments. Participants were paid 9D per hour.
2.2. Tasks and experimental procedures
Subjects were seated in a moderately darkened room 80 cm in front of
a computer screen, whose background luminance was 6.7 cd/m2. In an
“Imagery” condition, subjects were required to extrapolate in imagery the
motion of a gray spot (diameter D 0.1 deg; angular velocity D 55 deg/s;
luminance D 16.1 cd/m2) that disappeared after having rotated for 4.2 s
along a circular gray frame (radius D 4 deg; luminance D 16.1 cd/m2) in the
counterclockwise direction (Fig. 1A). Central Wxation was required. Dur-
ing the imagery phase, a small gray disc (diameter 0.1 deg;
luminance D 16.1 cd/m2) was Xashed just outside the circular frame for
20 ms (two screen frames; frame rate: 100 Hz), at various distances from
the vanishing point of the stimulus (see below). Subjects had to make a
saccade to the Xash. We call these trials “Flash trials” (Fig. 1B), which
were administered in a proportion of 75%. In the remaining 25% of trials
(“Beep trials,” Fig. 1C), a beep was presented through earphones at diVer-
ent times after the vanishing of the moving stimulus (see below). Subject
had to make a saccade to the position in which they reputed the imagined
stimulus to be at the moment of the beep. The Xash was not presented in
these trials. The “Beep trials” served both to compel subjects to engage in
imagery, for without an active imagery process it would be diYcult to
direct the eyes properly in these trials, and to estimate mental extrapola-
tion speed (see below). A session consisted of 36 “Flash trials” and 12
“Beep trials,” which were randomly interleaved. Each trial was started by
the subject through a key press. Before the beginning of the experiments a
preliminary session was run to help subjects familiarizing with the task.
An “Observation” condition was identical to the “Imagery” condition
except that the moving stimulus did not disappear. Subjects were asked to
pay attention to the moving spot instead of imagining it. The spot contin-
ued its motion until the end of the trial. In the “Flash trials” subjects made
a saccade to the Xash, while in the “Beep trials” they made a saccade to the
moving spot.
Subjects performed 6 sessions in the Observation condition and 6 ses-
sions in the Imagery condition, in diVerent days and in random order.
Each session lasted about 15–20 min, including the preparation for eye
movement recording. We opted for a number of short sessions, rather than
one or two long sessions, because it was important that subjects remained
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ommended subjects to be as concentrated as possible and to make pauses
in the case they felt to become “loose”.
A “Control” condition was administered in a single session at the end of
the experiments, and served to determine a base line for response times. The
“Control” condition was identical to the previous conditions except for the
following diVerences: (i) there was no moving stimulus whatsoever; (ii) there
were no “Beep trials”: subjects were simply presented a Xash to which they
made a saccade; (iii) the time between the start of the trial and the Xash pre-
sentation was shortened by a Wxed amount of 3.2 s with respect to the other
two conditions, so to reduce the time during which subjects would have been
just waiting for the Xash after the beginning of the trial (see below). As there
were three repetitions, the session consisted of 108 trials.
In a second experiment, subjects had to respond to the Xash with a but-
ton press and not with a saccade. Manual response times (MRT) have
been taken as the time between the Xash presentation and the button press
(temporal resolution: 2 ms). A subset of 3 subjects that already took part
in the Wrst experiment plus two new subjects participated to this experi-
ment. Stimuli and procedures were identical to those previously described,
including imagery instructions. However, to avoid interference between
manual responses and ocular responses only the “Flash trials” have been
administered. In this way, subjects did not move their eyes at all, and kept
the gaze always in central Wxation. As compared with the previous experi-
ment, this experiment was thus less demanding in terms of imagery
requirements.
2.3. Stimuli for saccades
The Xash could be displayed 67, 105, 142, 79, 150 or 221 deg away from
the vanishing point of the moving stimulus along the circular trajectory
Fig. 1. The imagery task. (A) The spot rotated in the counterclockwise
direction (thick trace) for 230 deg, i.e., for 4.2 s, until it vanished. Subject
had to extrapolate in imagery its future course. A second starting point
(not shown) has been also used in the experiments, spaced 40 deg in the
counterclockwise direction relative to the one showed in the Wgure; the
vanishing point and both the Xash and beep positions were correspond-
ingly shifted as well. (B) In the Flash trials, subjects made a saccade
(arrow) to a small disc (Wlled circles, FP1–FP6; the dimensions have been
modiWed for graphical purposes) Xashed along the imagined trajectory
(dotted trace). (C) In the Beep trials, a beep was presented at diVerent
times after the vanishing of the spot. Subjects made a saccade (arrow) to
the position they reputed the imagined target to be at the time of the beep
(open circles, BP1 and BP2). Calibration bars are in degree of visual angle.(Fig. 1B). These six positions will be referred to as FP1, FP2, FP3 (small
separation), and FP4, FP5, and FP6 (large separation). As there were two
vanishing points (spaced 40 deg away), there were in fact 12 diVerent Xash
locations along the circular trajectory. In this way, we sought to reduce
spatial predictability. For each Xash position we used a triplet of SOA
(hence the 36 “Flash trials”), so that the resulting angular displacement of
the Xash relative to the (virtual) position of the moving stimulus along the
circular trajectory was 0/¡38/¡76 deg (FP1), 38/0/¡38 deg (FP2), 76/38/
0 deg (FP3), 0/¡71/¡142 deg (FP4), 71/0/¡71 deg (FP5), and 142/71/0 deg
(FP6). Positive and negative values indicate that the Xash appeared ahead
or behind the (virtual) position of the moving stimulus, respectively. In
practice, the Xash appeared 1227/1909/2591 ms (FP1–FP3) or 1432/2727/
4023 ms (FP4–FP6) after the vanishing of the moving spot.
It should be noted that in our experimental conditions an angle of
38 deg on the circular trajectory (i.e., the smallest of the displacements
employed) subtended a visual angle of 2.6 deg, while the largest displace-
ment (142 deg) subtended a visual angle of 7.5 deg.
In the “Beep trials” the acoustic stimulus was presented 1818 or
3455 ms after the vanishing of the stimulus. Given a speed of 55 deg/s,
these SOAs corresponded to displacements of 100 and 190 deg relative to
the vanishing point. Because there were two vanishing points, these SOA
corresponded in fact to 4 diVerent spatial locations along the circular tra-
jectory.
2.4. Eye movements recording
Two-dimensional eye movements were recorded through a SRI Gener-
ation 5.5 Purkinje image eyetracker in head-Wxed conditions (for details
see Deubel, Schneider, & Bridgeman, 1996). The sampling frequency was
set to 500 Hz, with a 14 bits resolution. Saccadic latency, deWned as the
time interval between the presentation of the Xash and the onset of the sac-
cade, was measured with a resolution of 2 ms. In the “Flash trials” we
excluded from the analyses those saccades whose end-points were not
within 2 deg of visual angle from the Xash. In the “Beep trials” saccades
have been excluded if the end-point direction departed by more than
120 deg from the direction of the stimulus at the time of the beep and if
their amplitude was less than 2.5 deg.
2.5. Statistical procedures
For the main statistical analyses we used an ANOVA (Univariate pro-
cedure, SPSS v.10.0), with Condition and Displacement as Wxed factors
(see Section 3). For the analyses of the directional data of saccadic end-
points we used statistical procedures tailored for circular data (program
Oriana2, Kovach Computing), which take into account the periodic
nature of angular measures (Mardia, 1975).
3. Results
Subjects reported no particular diYculty in keeping cen-
tral Wxation or in making saccades to either the Xash or the
imagined/observed motion at the time of the beep. In only
1% (Observation condition) and 3% (Imagery condition) of
the total trials there were saccades larger than 1 deg during
the period of Wxation and in only 3 trials subjects did not
make any saccade. Due to the presence of artifacts in the
recordings (e.g., blinks, spurious movements), 6% of the
total trials have been excluded from the analyses. Also, 4%
of the “Flash trials” and 7% of the “Beep trials” have been
excluded because not fulWlling the criteria for primary sac-
cades acceptance (see Section 2).
In Fig. 2 are plotted the end-points of primary saccades
directed to the Xash, superimposed for all subjects, in the
three experimental conditions. Accuracy and precision,
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to the mean value) and circular standard deviation (a mea-
sure equivalent to the standard deviation), respectively, are
reported in Table 1 for 6 out of the 12 Xash positions (sta-
tistics for circular data, Mardia, 1975). These analyses have
not been performed subject wise. Despite the fact that in
many cases neighboring Xash positions entailed a consider-
able overlap of saccadic end-points, the circular distribu-
tions of end-points were deWnitely diVerent for Xash
positions diVering by as little as 5 deg on the circular trajec-
tory. In only two cases, corresponding to Xash positions
separated by 2.1 and 2.3 deg, the distributions of saccadic
end-points were not statistically distinguishable; in all other
cases the pair-wise comparisons between the distributions
were statistically signiWcant (p < 0.02, non parametric Mar-
dia–Watson–Wheeler test). We confronted, for each Xash
position, the distribution of the saccadic end-points in the
Imagery condition with the distributions in both the Con-
trol and the Observation condition. The distribution in
Imagery diVered signiWcantly from the distribution in the
Control condition only at one Xash position and the distri-
butions in the Imagery and in the Observation conditions
were statistically diVerent only at three Xash positions
(p < 0.05, Mardia–Watson–Wheeler test). However, the
diVerences between the means were always very small
(<2.7 deg on the circular trajectory), indicating that the
direction of saccadic eye movements was not substantially
altered in imagery.
The mean saccadic latencies in Imagery, Observation,
and Control conditions are plotted in Fig. 3A as a functionof the angular displacement between the actual (or, in the
case of the Imagery condition, virtual) location of the stim-
ulus and the location of the Xash. Note that, although for
comparison purposes the data in the Control condition are
plotted as a function of the displacement, there was in fact
no true displacement, as there was no stimulus, either visual
or imagined, relative to which to compute a diVerence. For
the Control condition, the x axis represents therefore just
diVerent combinations of spatial location and triplets of
SOA of the Xash. These combinations are the same as those
used in the Observation and the Imagery conditions to gen-
erate the displacements of the Xash relative to the visual or
the imagined moving stimulus (except for the Wxed-amount
reduction of the Xash delay from the beginning of the trial,
see Section 2).
Data relative to displacements of 71 and 76 deg have been
pooled together. The mean latencies were 377§76 SD,
370 ms§81 SD, and 318 ms§53 SD, respectively, for the
Imagery, Observation, and Control condition. Means and
standard deviations were computed from individual trials.
The relatively high values for saccadic latency in the Control
condition may have been determined by the uncertainty
about the exact Xash location and/or the rather low lumi-
nance of the Xash (see Section 2). The main eVect of Condi-
tion was statistically signiWcant [F (2,16)D15.673, p< 0.001],
and so was the interaction Condition£Displacement
[F(12,96)D3.724, p < 0.001], the latter revealing a diVerent
eVect of displacement in the three conditions. By considering
only the Observation and Imagery conditions the mean
latencies were not statistically diVerent [main eVect ofFig. 2. Flash trials. End-points of primary saccades (small circles) directed to the Xash (large circles, enlarged for graphical purposes) in the three experi-
mental conditions for six Xash positions, each denoted by a diVerent color/gray level. Data from all subjects are superimposed. Arrows indicate the direc-
tion of motion. The large open circle indicates the vanishing point of the motion template in the imagery condition. (For interpretation of the references to
color in this Wgure legend, the reader is referred to the web version of this paper.)Table 1
Saccade direction in the Xash trials
Mean direction and angular dispersion (§ CSD, i.e., mean vector § circular standard deviation) of saccade end-points directed to the Xash in the Con-
trol, Observation, and Imagery conditions. The direction of the Xash is in the Wrst row (zero degrees D nine o’clock, positive values indicate counterclock-
wise direction).
Flash direction 7.3° (FP1) 18.7° (FP4) 45°(FP2) 82.7° (FP3) 90° (FP5) 161.3° (FP6)
CTRL 2.3° § 4.9 15.8° § 7.3 46.9° § 7.9 87.0° § 4.7 92.0° § 4.1 160.0° § 5.1
OBS 3.8° § 6.6 15.4° § 8.1 48.1° § 7.3 87.8° § 5.6 92.0° § 6.1 162.7° § 6.8
IMAG 5.3° § 6.3 18.3° § 8.0 49.0° § 8.8 89.2° § 4.9 94.0° § 5.8 162.6° § 8.2
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ditions diVered as to the latency pattern across displacement
[interaction Condition£Displacement: F(6,48)D4.937,
pD0.001].
In the Control condition the mean latency increased by
41 ms as the relative displacement increased from ¡142 to
142 deg [main eVect of Displacement: F (6, 48)D 7.339,
p < 0.001]. As the control condition was always run after
both Observation and Imagery conditions, we checked
whether the latency increase could be due to learning or
carry-over eVects. A separate group of 5 naïve subjects was
administered the Control condition alone. A very similar
latency increase was obtained (46 ms). By comparing the
latencies of the control condition in the two groups of sub-
jects, the interaction Condition £ Displacement was not
signiWcant [F (6, 24) D 1.285, p D 0.301], thus excluding any
important role for learning or carry-over eVects.
To expose the net cost/beneWt of observing or imagining
motion, we subtracted the latency values obtained in the
Control condition from those obtained in both the Obser-
vation and Imagery condition, thus canceling out any com-
mon spurious eVect. This was done separately for each
displacement and for each subject. The results are shown in
Fig. 3C. In imagery, the latency diVerence plot showed a
negative peak centered at a displacement of ¡38 deg, the
two higher values being at the two extremes of the curve. In
the Observation condition, the higher value was in the left-
most side of the curve, and latency tended to decrease for
more positive displacement. The interaction Condition £
Displacement was statistically signiWcant [F (6, 48)D 5.061,p < 0.001], although there was no signiWcant main eVect of
Condition [F (1,8) D 0.571, p D 0.472]. In the Imagery condi-
tion, there was a signiWcant eVect of Displacement
[F (6,48) D 4.192, p < 0.001], which was instead non signiW-
cant in the Observation condition [F (6, 48)D 1.441,
p D 0.219]. In the latter condition, however, the mean laten-
cies at the two extreme displacement values were signiW-
cantly diVerent, as assessed with post hoc pair-wise
comparisons (p < 0.001, Tukey test). At variance with the
Observation condition, where no clear minimum was
apparent in the central part of the curve, in imagery the
minimum cost in terms of saccadic latency was associated
with Xash presentations lagging by 38 deg the imagined tar-
get. At diVerent displacements, the cost was higher.
Under the hypothesis that motion imagery would facili-
tate saccades when the Xash is presented in correspondence
with the imagined position of the moving stimulus, one
may expect prima facie to Wnd the minimum latency in cor-
respondence of a null displacement. However, in extrapo-
lating motion in imagery subjects may have been slower
than expected, with the eVect of shifting the minimum
latency towards negative displacement values. We esti-
mated the average mental extrapolation speed in the “beep
trials,” when subjects made saccades directed to the imag-
ined location of the stimulus at the time of the beep. In the
left panel of Fig. 4 are shown the end-points of saccades
directed to the imagined position of the moving spot at the
time of the beep. In the right panel are reported the data
relative to the Observation condition, when subjects had to
make a saccade to the position of the moving stimulus atFig. 3. (A) Saccade latency as a function of the angular displacement between the Xash location and the virtual (Imagery condition, IMAG, Wlled circles)
or physical (Observation condition, OBS, open circles) target position. Positive values indicate that the Xash was presented ahead the target position on the
circular trajectory, while negative values indicate that the Xash was presented behind it. For comparison purposes, the data in the Control condition
(CTRL, asterisks) are also plotted as a function of the displacement, although there was in fact any true displacement (see text). (B) Same for manual
response times (MRT). (C) DiVerence of the saccadic latency between the Imagery and the Control condition (Wlled symbols), and between the Observa-
tion and the Control condition (open symbols). The continuous lines represent the mean values and the dotted lines represent the median values. (D) Same
for manual response times. Bars are the standard error of the mean.
A
C
B
D
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present in imagery, and saccades tended also to be directed
to earlier locations along the circular trajectory than in the
Observation condition. For each saccade, we calculated the
ratio direction/latency as an estimate of the mental extrapo-
lation speed, which gave a mean Wgure of 51.6 deg/s § 7.7
SD in the imagery condition (range: 35.6–59.3 deg/s). In the
Observation condition a mean Wgure of 57.4 deg/s § 3.9 SD
was obtained (range: 51.4–62.1 deg/s), that is, about 11%
higher than in the Imagery condition. In Table 2 are
reported the individual estimates of mental extrapolation
speed.
To compensate for the individual mental extrapolation
speed, for each subject the displacement values have been
recalculated by using the individually estimated mental
extrapolation speed instead of the rotation speed of the
stimulus. To reconstruct an average curve similar to that
of Fig. 3B, the latency data have been grouped into seven
45 deg-wide bins. As illustrated in Fig. 5, the minimum
cost in terms of saccadic latency was in fact associated
Fig. 4. Beep trials. End-points of primary saccades (small circles) directed
to the position on the circular trajectory where subjects reputed the mov-
ing spot, either imagined (Imagery) or observed (Observation), to be at the
time of the beep. The solid lines indicate the average end-points directions.
The large Wlled circles represent the true position of the moving spot at the
time of the beep. Data from all subjects are superimposed. Arrows indi-
cate the direction of motion. The large open circle indicates the vanishing
point of the motion template in the imagery condition.
Table 2
Individual estimates of mental extrapolation speed in imagery (IMA) and
a comparison with the Observation (OBS) condition. Also reported are the
absolute and the percentage diVerences (DiV.) between the two conditions
Subject IMA (deg/s) OBS (deg/s) DiV. (deg/s) DiV. (%)
AS 46.5 60.0 13.5 29.0
MR 57.1 55.9 ¡1.2 ¡2.1
SW 53.0 51.4 ¡1.6 ¡3.0
TH 46.4 56.9 10.5 22.6
SG 35.6 55.9 20.3 57.0
AK 59.3 52.5 ¡6.8 ¡11.5
CW 58.5 62.1 3.6 6.2
EM 57.1 60.9 3.8 6.7
KG 51.1 61.3 10.2 20.0
Mean 51.6 57.4 5.8 13.9
SD 7.7 3.9 8.5 20.9with Xash presentations corresponding to the actually
imagined target position, i.e., centered on the zero dis-
placement value. The eVect of displacement was statisti-
cally signiWcant for both means [F (6, 49) D 5.464,
p < 0.001] and medians (p < 0.001, test for medians, SPSS
10.0). The maximal eVect, which was found between the
135 and the zero displacement values, was about 50 ms.
The mean latency for the displacement of 135 deg was sta-
tistically larger than for the displacement of ¡135 deg
(p D 0.043, Tukey test), while no such asymmetry was
present by comparing latencies at the displacement pairs
of §90 and §45 deg (p > 0.5).
The latency data presented so far have been obtained
by pooling together the latency values according to the
angular displacement of the Xash relative to the imagined
trajectory, irrespective of the position of the Xash along
the trajectory. The polar plot of Fig. 6 illustrates what
happens, in terms of cost of saccadic latency, at various
stages of mental extrapolation for each of three represen-
tative Xash positions, namely, 79, 150, and 221 degrees
(FP4–FP6). These Xash positions are spaced 71 degrees
and represent a large part of the extrapolated trajectory.
Median latency diVerences have been grouped in 70 deg-
wide bins, thus representing circular sectors either
(mostly) behind, or centered with, or (mostly) ahead the
Xash position, along the circular trajectory. In Fig. 6A, as
the evolution of mental extrapolation (arrow) brings the
“focus of imagery” farther and farther away from the
Xash location, saccades to the Xash become more and
more delayed. Conversely, in Fig. 6C the more the “focus
of imagery” approaches the Xash location, the more the
saccadic latency decreases. A mixed scenario occurs when
the Xash appears at an intermediate position along the
trajectory (Fig. 6B). In this case, the “focus of imagery”
Wrst approaches the Xash position then it departs from it.
Correspondingly, saccadic latency Wrst decreases then
increases. Thus, the minimum of saccadic latency shifts
Fig. 5. Saccade latency diVerence as a function of the displacement after
compensation for individual mental extrapolation speed. Data are
grouped in 45 deg-wide bins. The continuous line indicates the mean val-
ues and the dotted line indicates the median values. Bars are the standard
error of the mean.
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expected if latency facilitation occurs in proximity of the
current position of the imagined stimulus. For compari-
son purposes, in the bottom panels the data are shown in
a format similar to that used in Fig. 5. To test whether the
eVect of displacement was present independently of the
Xash position, we run 6 separate ANOVAs, one for each
Xash position. In all but two cases (FP2 and FP5) the
eVect of Displacement was statistically signiWcant
(p < 0.04). Thus, considering the smaller sample size, com-
pared to the previous overall analysis on Displacement,
and that the two Xash positions that yielded a non signiW-
cant displacement eVect are not at the extreme ends of the
imagined trajectory, we argue that the modulatory eVect
of displacement on saccadic latencies can be generalized
to the entire circular trajectory.
In the second experiment we found a similar eVect of dis-
placement on manual response times, both on means and
medians (Fig. 3D; main eVect of displacement, F (6,24) D
2.542, p D 0.048; test for medians, p < 0.04). The maximal
eVect of displacement was about 60 ms. The minimum of
MRTs was moderately shifted rightward, in correspon-
dence of the 38 deg displacement value, and again the curve
became somewhat steeper for more positive displacements.
As it was the case for the leftward shift in the previous
experiment, it is likely that the rightward shift of the mini-
mum of the curve depended on subjects not maintaining
the exact angular velocity of the motion template. How-ever, in this experiment we could not control the actual
mental extrapolation speed, as there were no “Beep trials.”
As in the previous experiment with saccadic latencies,
there was a diVerent eVect of displacement in the Imagery
and the Observation tasks [interaction Condition
£ Displacement: F (6, 24) D 3.579, p D 0.011]. In the Obser-
vation condition no eVect of displacement was found
[F (6,24) D 1.324, p D 0.285; test for medians, p D 0.076],
seemingly due to the Xattening of the response times
towards the base-line levels (Figs. 3B and D).
4. Discussion
The main Wnding of the present study is that making a
saccade to the probe Xash was faster when the Xash
appeared in proximity to the current position of the imag-
ined moving stimulus than when it was presented displaced
away from it, both backward or forward along the imag-
ined trajectory. At variance with the roughly U-shaped
function found in the Imagery condition, in the Observa-
tion condition the saccadic latency tended to decrease as
the displacement became more positive.
The pattern of results that we obtained in the Observa-
tion condition is reminiscent of what happens when sub-
jects track with smooth-pursuit eye movements a moving
target: saccades made to probe stimuli presented ahead of
the tracked target have shorter latencies than saccades
made to stimuli presented in the opposite directionFig. 6. Saccade latency for three representative Xash positions at diVerent phases of imagery. (A) The more the imagined target (arrow) departs from the
Xash (Wlled circle), the higher the latency diVerence will be, represented by the height of the circular sectors (zero value D circular frame). (B) For an inter-
mediate position of the Xash, lower latencies are found in the central sector. (C) The more the imagined target approaches the Xash position, the lower the
saccadic latency will be. The plots have been slightly rotated for graphical purposes. For comparison purposes, in the lower panels the data are plotted in
the graphical format already used in the preceding Wgures.
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present also when manual response times are required
instead of saccades (Van Donkelaar & Drew, 2002). Where
does this motion-induced attentional asymmetry originate?
One possibility is that motion is associated to predictive/
anticipative mechanisms (Kerzel, 2003), so that locations
ahead of a moving object are made more salient through
attentional enhancement. Another interpretation could be
that visuospatial attention is so deeply rooted in the oculo-
motor system (Sheliga et al., 1994) that biomechanical con-
straints (in this case a cost of inverting eye movement
direction) are embodied in visual perception, as if the eyes
were tracking the moving stimulus while in fact being still.
We do not propend here for one or another explanation,
and just notice that an attentional asymmetry can indeed be
associated with attended motion, whether tracked or not,
like a sort of “look ahead” mechanism. This also under-
mines the eVect of possible directional biases that may have
been present in our paradigm, in which a limited set of posi-
tions and directions of motion was used.
At variance with the Observation condition, in the Imag-
ery condition saccadic eye movements had longer latencies
for Xashes appearing both forward and backward the cur-
rent focus of imagery, especially in correspondence of the
larger displacements. It should be noted that, although in
both conditions attention was required, imagining a target
in motion (and being prepared to make a saccade toward it
at the time of the beep) is seemingly more diYcult than
attending to a moving spot (and being prepared to make a
saccade toward it at the time of the beep). It is likely that
the more demanding Imagery task resulted in a heavier
request of attentional resources. This could have had the
net eVect of producing a more eVective and selective focus-
ing of attention around the currently imagined position
than in the Observation condition, at the expense of the
“look ahead” mechanism.
That attending a target in motion is less demanding than
imagining it is conWrmed by the results of the second exper-
iment, whose conditions were far less stringent due to the
absence of the “Beep trials.” In that case, observing the
moving target determined on average no net additional cost
in manual response times, as compared to the control con-
dition, and displacing the Xash failed to produce a system-
atic latency modulation. By contrast, in the Imagery
condition the modulatory action of imagery survived
despite the absence of the “Beep trials,” i.e., despite the fact
that subjects were not required to make saccades to the
imagined moving target. This is remarkable, because it
shows that imagining motion requires more attentional
resources than attending to the same, observed motion:
visual imagery can be more attention demanding than
attentive observation.
The present study thus conWrmed the prediction that
mental extrapolation of motion is associated to a modiWed
responsiveness to visual stimuli along the extrapolated tra-
jectory as a function of the current imagined target posi-
tion. The modulation of responsiveness is not restricted tothe oculomotor system, as it is visible also with manual
response times. The results cannot be attributed to a strat-
egy bias, such as the possibility that subjects could be
expecting the Xash to appear more likely ahead the imag-
ined spot at the beginning of the imagery phase and behind
it towards the end of the trial. This would have rather pro-
duced opposite eVects than those illustrated in Fig. 6, i.e.,
lower latencies for positive displacements when the Xash
was displayed soon after the vanishing of the moving spot,
and for negative displacements when the Xash was dis-
played towards the end of the trial. Incidentally, the trend
of the latency curves in the control condition (Figs. 3A and
B) suggests that a small response bias was indeed present in
our stimulus conWguration, which was likely related to
where and when subjects expected the Xash to appear (for
example, the Xash appeared more frequently in the bottom
left quadrant of the screen). However, subtracting the
latency values of the control condition served precisely to
eliminate possible biases due to stimulus conWguration.
Thus, the most likely mechanism that can account for
such latency modulation is a movement of visuospatial
attention congruent with the evolution of motion imagery,
whose well-known eVect is to expedite responses to stimuli
displayed within its focus, as compared to distant stimuli
(Posner, 1980). This Wnding adds to previous evidence
(Finke, 1989; Kosslyn, 1994; Shepard & Cooper, 1986) that
when we imagine the visual world our brain sets up a num-
ber of visual-related functions that pertain more to real-
time watching than to abstract thinking. Note that this does
not imply that spatial attention is necessarily moving when-
ever a scene is imagined in motion. For example, motion
imagery without a concomitant movement of the focus of
attention may apply when imagining two or more stimuli in
diVerent parts of the visual Weld whose motion is unrelated,
or when imagining radial expanding/contracting large-Weld
motion stimuli. It would be interesting to verify whether
also in such cases attention plays nonetheless a role, per-
haps encompassing a splitted (Castiello & Umiltà, 1992) or
an expanded (Eriksen & St James, 1986) area.
Given that visual imagery of both static (Brandt & Stark,
1997; Laeng & Teodorescu, 2002) and dynamic (de’Sperati,
2003a, 2003b; Huber & Krist, 2004) stimuli is typically
accompanied by saccadic eye movements, and given that
saccades are considered to be an overt manifestation of
attention shifts (see Umiltà, 2000), the conclusion seems
straightforward that the modulation of response times that
we have found is due to a sequence of abrupt, saccadic-like
shifts of attention. This would be in keeping with the idea
that in imagery the internal coding of motion is discrete
rather than smooth, as a sort of “akinetopsia in imagery”:
despite our impression, in the mind there would be no such
thing as an “internal movie,” but rather sequences of snap-
shots that we re-interpret as a continuous process (Pylyshyn,
2003). Obviously, making clear-cut statements about an elu-
sive inner activity such as imagery is diYcult. However, the
fact that under certain circumstances mental extrapolation
of motion can also give rise to sustained smooth-pursuit-like
C. de'Sperati, H. Deubel / Vision Research 46 (2006) 2593–2601 2601eye movements (de’Sperati & Santandrea, 2005) reinforces
the notion that imagery can indeed be a continuous, movie-
like process, and not just a picture-like representation. In
that case, it is likely that also covert visuospatial attention
can be voluntarily shifted in a slow, gradual fashion.
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